Mathematical modeling was performed to test the extent to which cytopathic and noncytopathic T cell effector functions contribute to resolution of hepatitis B virus (HBV) infection in three acutely infected chimpanzees. Simulations based exclusively on cytopathic functions show a poor fit to the data and would require the destruction and regeneration of Ϸ11 livers for clearance to occur. In contrast, a simulation based on a combination of cytopathic and noncytopathic functions provided a significantly better fit to the data (P < 0.001) and required as much as 5-fold less destruction to clear the virus from the liver. The best fit simulation supports the notion that during the early phase of HBV clearance, noncytopathic T cell effector mechanisms inhibit viral replication and greatly shorten the half-life of the long lived covalently closed circular viral DNA transcriptional template, thereby limiting the extent to which cytopathic T cell effector functions and tissue destruction are required to terminate acute HBV infection.
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mathematical modeling ͉ pathogenesis ͉ covalently closed circular DNA T he hepatitis B virus (HBV) is a noncytopathic, hepatotropic, DNA virus (hepadnavirus) that causes acute and chronic hepatitis and hepatocellular carcinoma (1) . Although it is generally agreed that viral clearance and disease pathogenesis during HBV infection are mediated by the immune response (2) (3) (4) (5) (6) , the extent to which cytopathic and noncytopathic CD8ϩ T cell antiviral functions contribute to these events is a matter of some debate (7) (8) (9) (10) (11) . On the one hand, it has been amply demonstrated that termination of acute hepadnavirus infections in the woodchuck (7, 12) and chimpanzee (9) (10) (11) systems is associated with the destruction of infected cells and hepatocellular regeneration (7) (8) (9) (10) (12) (13) (14) (15) . On the other hand, it is equally clear from chimpanzee (9) (10) (11) and transgenic mouse (16, 17) experiments, that HBV replication is strongly inhibited by the antiviral effects of inflammatory cytokines produced by HBVspecific CD8
ϩ T cells when they recognize antigen in the infected or transgenic liver. Furthermore, it has been shown that viral clearance in acutely infected chimpanzees is heralded by a sharp drop in the HBV DNA content of the liver, which depends on the influx of IFN-␥-producing CD8 ϩ T cells into the liver (10), but which precedes and is out of proportion to the amount of liver disease (10) . Moreover, in the transgenic mouse model, adoptively transferred HBV-specific CD8 ϩ T cells have been shown to inhibit HBV replication by an IFN-␥-dependent mechanism (16) , even when they cannot cause hepatitis because their cytolytic effector functions have been abrogated genetically (16) . On the other hand, HBV replication proceeds unabated when IFN-␥-deficient CD8 ϩ T cells are injected into HBV transgenic mice despite the induction of liver disease.
Although noncytolytic inhibition of HBV replication by CD8 ϩ T cell-derived antiviral cytokines is sufficient to prevent the production of new virus particles and, therefore, viral spread, complete viral clearance from the liver, requires elimination of the covalently closed circular (ccc) HBV DNA nuclear episome that serves as the transcriptional template of the virus in infected cells (18) . Although the half-life of the cccDNA episome has never been accurately determined, the available evidence suggests that it is a long-lived species (19) (20) (21) (22) . If that assumption is correct, either the infected cells must be destroyed or the half-life of the cccDNA must be shortened by noncytolytic mechanisms, or both, for viral clearance to occur. Because HBV cccDNA is not readily produced by HBV transgenic mice (23), it is not possible to ascertain the impact of antiviral cytokines on cccDNA half-life in that model. In a recent study, however, the cccDNA content of the liver was quantitated at weekly intervals in three acutely infected chimpanzees (9) , and the results were compared with the dynamic changes in many other HBV-specific virological and disease parameters (9, 10) . In that study, it appeared that the cccDNA content of the infected liver decreased before and out of proportion to the amount of liver disease in these animals following the onset of a CD8 ϩ T cell response. Nonetheless, it was difficult to be certain that the cccDNA was controlled by noncytolytic mechanisms in those animals because the cytopathic events were superimposed and because termination of the infection in all of the animals coincided with peak liver disease (9) .
Thus, in the current report, we assess the relative contributions of cytolytic and noncytolytic processes to viral clearance during HBV infection by comparing the observed viral and disease dynamics in three acutely infected chimpanzees with simulations of those dynamics by using a mathematical model that includes all of the underlying infection components and uses the simplest assumptions to interpret the basis for changes in each component according to currently accepted principles of CD8 ϩ T cell-based viral immunopathology. In each simulation, we examined the likely relative contributions of cytopathic versus noncytopathic T cell effector mechanisms in the clearance of the virus, total viral DNA, and viral cccDNA from the liver. Models based exclusively on cytopathic T cell effector mechanisms failed to reproduce the observations and required an exceedingly large amount of liver disease and regeneration to terminate the infection. A model that incorporates both cytopathic and noncytopathic mechanisms, including noncytopathic shortening of the cccDNA half-life, provides a significantly better fit to the data without requiring massive liver destruction and regeneration. We conclude that T cell-mediated noncytopathic antiviral effector functions limit viral spread and reduce the viral cccDNA template during HBV infection, thereby minimizing the amount of infected tissue that must be destroyed to terminate the infection.
Materials and Methods
Mathematical Model. We assume newly infected cells arise from infection of uninfected hepatocytes, H, by free virus, V. The rate at which infection occurs is proportional not only to the size of each of these components but where infection saturates relative to the number of uninfected hepatocytes kHV͞(K h ϩ H). This Michaelis-Menten form is typical of systems such as predatorprey problems where the number of prey, e.g., uninfected hepatocytes, can be much larger than predators, e.g., HBV, such as early in infection. New infection produces a cell with a single copy of cccDNA, I 1 . The infected cell moves from the component with one cccDNA copy, I 1 , to cells with two copies, I 2 , at rate a. Cells are assumed to increase their cccDNA copy number to a maximum of N copies, giving rise to the components I i , i ϭ 1, . . . , N of infected cells with i cccDNA copies. The rate at which infected cells move to a higher copy number is proportional to a but decreases in a linear fashion so that there is zero increase from the highest copy number N.
The total amount of pregenomic RNA (pgRNA) in the liver is denoted by R, whereas the number of DNA containing capsids is given by D. Each cccDNA template produces M pgRNA molecules within the cell per day, and these mature through encapsidation and conversion to single-and double-stranded HBV DNA capsids at rate ␣. Inhibition of this maturation (as well as of amplification of the cccDNA number within infected hepatocytes) is modeled by a factor u that is 1 when a cytokine effect is absent (t Ͻ t c ) and a lower value when it is present [u ϭ 1 Ϫ eff, t Ն t c ϩ 7, with a linear change between the values on t c , t c ϩ 7, and time in days). HBV DNA capsids are exported from the cell at rate ␤ to produce free virus V. Free virus is removed at rate c by mechanisms including the immune response.
Clearance of infection arises through death of infected cells. The amount of death per day is assumed proportional (with proportionality constant b) to A ϭ max(ALT Ϫ 40,0), and alanine transaminase (ALT) levels above the upper limit of normal, taken as 40. Cell death at any time is distributed among the I i , i ϭ 1, . . . , N in proportion to their number compared to total infected hepatocytes, I. Killed cells are assumed to be immediately replaced by uninfected cells by requiring H ϭ 100 Ϫ I, where all cell numbers have been rescaled to percentages of hepatocytes. An infected cell that is killed is assumed to be replaced through cell division of another hepatocyte. The dividing cell is chosen randomly from the remaining infected and uninfected cells. If the dividing cell is also infected, then we assume it produces two uninfected daughter cells. In this situation, two infected cells are replaced with the death of one cell, whereas if the dividing cell is uninfected, one infected cell is replaced with the death of one cell. This process is captured in the term (1 ϩ (I͞100)) by multiplying the expressions for cell death.
The differential equation description of this model is given by
Simulations including degradation of cccDNA are modeled by the inclusion of terms Ϫi(1 Ϫ u)I i for i ϭ2, . . . , N on the right hand side of the equations for dI i ͞dt, where log(2)͞ is the half-life of cccDNA during this time. We excluded this term from dI i ͞dt because we use the sum of I i as a measure of HBc ϩ hepatocytes, and cells can be HBc ϩ while all cccDNA have been degraded. We model this possible discrepancy between HBc and cccDNA positivity by keeping all infected cells at least cccDNA ϩ via I 1 . Hence, these latter simulations will provide an upper bound of hepatocyte death. Variable descriptions are collected in Table 1 , which is published as supporting information on the PNAS web site, and parameter descriptions are shown in Table  2 , which is published as supporting information on the PNAS web site. Assumptions used in the construction of this model, justifications for their choice, and alternative assumptions are listed in Table 3 , which is published as supporting information on the PNAS web site.
Three scenarios of infection clearance were investigated: Scenario 1, removal of infected cells through cell division and cell death (linearly scaled from observed ALT above upper limit of normal) so u ϵ 1 for all time; Scenario 2, cell division and death plus a cytokine effect blocking formation of pgRNA-containing capsids and, therefore, a block in HBV DNA containing capsids, u Ͻ 1 after t c with ϵ 0; and Scenario 3, cell division and death, block of formation of pgRNA containing capsids, plus decay of cccDNA through either an inherently short lifespan or destabilization via cytokines u Ͻ 1 after t c with Ͼ 0.
To obtain the best performance possible within each scenario, a maximum likelihood estimate (MLE) method was used to find the best fit of model simulations, searching over the space of all parameter values, to log 10 data of HBcAg positive hepatocyte percentage, cccDNA per hepatocyte, pgRNA% of maximum, HBV DNA in liver, and HBV DNA in serum for Ch 1615 and Ch 1627 simultaneously. Simulation values below levels of detection were reset to that level. A sequential quadratic programming method was used to find MLE parameter values. The optimal parameter values were then used in the simulations of each scenario and for each chimpanzee. Model parameters were either required to be the same, but chosen optimally, for all animals [k, Kh, a, ␤, M (and for Scenario 3)], or animal specific [b, c, eff, where eff registers the effectiveness of cytokines in inhibiting pgRNA maturation and possibly depletion of cccDNA (u ϭ 1 Ϫ eff, t Ն t c ϩ 7)], also chosen optimally. Variability in the animal-specific parameters was required to accommodate the different levels of cell death reflected in ALT and immune effectiveness. Any cytokine effects were assumed to commence at time t c taken to be 1 week after peak infection levels (week 8, Ch 1615 and Ch 1627; week 10, Ch 1620). Maximum cccDNA copies per infected cell N were set at peak cccDNA copies per hepatocyte. Because only relative levels of pgRNA were observed, the value for ␣, the rate of maturation to HBV DNA within an infected cell, could not be determined. Because this dynamic should be similar to the export rate of HBV DNA, we set ␣ ϭ ␤. The MLE parameter values were then applied to the data for Ch 1620, where once again the animal-specific parameters b, c, and eff were chosen as MLEs. The significance of fit between different models was determined by using the likelihood ratio test, which takes into consideration the advantages of a model with extra parameters. Ninety-five percent confidence intervals were calculated in a similar fashion (see Supporting Text, which is published as supporting information on the PNAS web site). Simulations were performed in MATLAB, version 6.5, (MathWorks, Natick, MA).
Supporting Information. The infectious inocula, chimpanzees, and assay and statistical methods are described in the Supporting Text.
Results

Course of HBV Infection in Acutely Infected
Chimpanzees. Ch1627, Ch1615, and Ch1620 were inoculated with 0.5 ml of HBVtransgenic mouse serum containing 1 ϫ 10 8 genome equivalents of HBV DNA (10) . As shown in Fig. 1 , all three animals became infected with similar kinetics of viral spread reaching maximal serum HBV DNA levels between 4.3 ϫ 10 8 and 3.4 ϫ 10 9 genome equivalents (GE)͞ml during weeks 7-8 after inoculation (Fig. 1 A) . For the non-CD8-depleted animals Ch1615 and Ch1627, intrahepatic HBV DNA, cccDNA, and pgRNA reached maximal levels by 1 week later ( Fig. 1B; refs. 9 and 10). Furthermore, between 86% and 99% of the hepatocytes were HBcAg positive at the peak of infection (Fig. 1B ) in these animals, indicating that virtually the entire liver became infected (9, 10). As described in refs. 9 and 10, the clearance phase in the control Ch1627 and the CD4-depleted Ch1615 started almost immediately after peak infection at week 8, whereas depletion of CD8 cells in Ch1620 (Fig. 1B, solid line) prolonged the phase of maximal infection for all viral parameters (Fig. 1B; refs. 9 and 10) until as late as week 12 (peak cccDNA), when CD8 cells gradually reappeared (Fig. 1B, upward arrrow) . The beginning of the viral clearance phase in all three animals coincided with the influx of T cells (Fig. 1B, CD3 mRNA) into the liver and intrahepatic IFN-␥ production (Fig. 1B, IFN-␥) as shown by RNase protection analysis of total liver RNA ( Fig. 1B; refs. 9-11). Importantly, during the first 4 to 6 weeks of viral clearance, all viral nucleic acid species decreased between 8-and 50-fold. This decrease outpaced the observed reduction in the percentage of HBcAg-positive hepatocytes (Fig. 1B; refs. 9 and 10) and it occurred before serum ALT activity reached maximal levels (Fig. 1 A; refs. 9-11). As suggested in refs. 9-11, the kinetics of these changes implies that HBV replication within infected hepatocytes is reduced by noncytopathic mechanisms, probably mediated by the antiviral effects of IFN-␥ (Fig. 1B; refs.  9-11) . Later in the course of infection in all animals, peak serum ALT activity corresponded to losses of between 7% and 20% of HBcAg-positive hepatocytes and increased removal rates of viral nucleic acids, reflecting the cytolytic activity of the virus-specific CD8 T cell response (10) .
The importance of CD8 ϩ T cells was further demonstrated by CD8 depletion in Ch1620, which changed the kinetics of viral clearance and liver disease (Fig. 1) , both of which depended on the reappearance of CD8 cells (Fig. 1B, upward arrows; refs. 9 and 10). As shown in Fig. 1B , all viral parameters in Ch1620 remained at or near peak levels and serum ALT activity was normal during the period of complete CD8 depletion (Fig. 1B,  weeks 6-11 ). Because CD8 ϩ T cells reappeared from weeks 12 to 17, albeit at subnormal levels (data not shown), all viral parameters fell significantly, except the number of HBcAg positive hepatocytes, similar to the other two animals, and serum ALT activity rose. The failure of the HBcAg-positive hepatocytes to fall significantly during this period suggests that the extent of liver cell destruction was minimal, despite the elevated serum ALT activity. Indeed, because 97% of HBV DNA in serum and liver and 87% of cccDNA disappeared during this interval, whereas HBcAg positive hepatocytes were reduced by only 17%, the noncytolytic activity of the CD8 ϩ T cells was dominant at that point. All viral parameters disappeared, and serum ALT activity spiked when CD8 ϩ T cell levels surged to baseline levels on week 29 (Fig. 1B, upward arrow) , suggesting that the cytolytic function of the CD8 ϩ T cells was required for complete viral clearance to occur (9) (10) (11) . Notably, the cccDNA was the slowest viral element to disappear because they were detectable for as long as 73, 111, and 111 weeks for Ch 1615, 1620, and 1627, respectively. Nonetheless, at the late time points shown in Fig. 1B , total liver HBV DNA, inclusive of cccDNA, is no higher than the cccDNA levels and the pgRNA levels are below detection, suggesting that the remaining cccDNA molecules are long-lived but not highly transcriptionally active.
Transition Between Infection Components. The processes from infection of a cell to virion production follow the order: a cell is infected (I), a cccDNA molecule is established in the nucleus (C), HBV RNA molecules including pgRNA are transcribed (R), pgRNA-containing capsids are formed and these mature to single-and double-stranded DNA-containing capsids (D), and some of these capsids are transported to the nucleus to amplify cccDNA numbers, whereas the majority are exported to plasma as virions (V). We assessed immune system interference in these processes, especially with regard to IFN-␥, by comparing the ratios of a downstream component with its upstream parent. If a particular process is affected, then the ratios in the clearance phase should be lower than the ratios at the end of the infection phase. Here we are particularly interested in the role of noncytopathic processes and have represented the clearance phase by the period of elevated IFN-␥ expression (Fig. 1B) and from the time of the first measured liver HBV DNA after peak levels so that relevant ratios can be calculated (Ch 1615, weeks 11-15; Ch 1620, weeks 13-30; Ch 1627, weeks [11] [12] [13] [14] . The ratios of weekly interpolated values are shown in Fig. 2 . For ease of comparison, time is represented relative to the end of the infection period, with negative times representing the infection phase and positive times representing the clearance phase.
The ratios D͞R% (Fig. 2 A) drop considerably from the start of clearance. Values of this ratio during the clearance phase are significantly lower than earlier values (P Յ 0.03 for each animal, Wilcoxon rank sum test). Reduced levels of this ratio indicate an immune component specifically inhibiting HBV replication posttranscriptionally possibly by preventing the formation of pgRNA-containing capsids and, hence, the production of singleand double-stranded DNA-containing capsids.
Values for the C͞I ratio (Fig. 2B) for the clearance phase are also lower than earlier values (Ch 1615, P ϭ 0.13; Ch 1620, P ϭ 0.001; Ch 1627, P ϭ 0.03). This decreased ratio can be explained by depletion of cccDNA molecules within infected cells, or removal of infected cells with high cccDNA complement and replacement by infected cells with fewer cccDNA copies.
The ratios R%͞C (Fig. 2C) do not differ significantly between the clearance and infection phases (Ch 1615, P ϭ 0.79; Ch 1620, P ϭ 0.08; Ch 1627, P ϭ 0.34). Hence, the immune system has little effect on pgRNA production from the cccDNA template. Similarly, the ratio V͞D (Fig. 2D) is not significantly different between periods (Ch 1615, P ϭ 0.08; Ch 1620, P ϭ 0.12; Ch 1627, P ϭ 0.69). This lack of difference implies little immune inhibition of virion export and no change in virion clearance in plasma.
Model of Cytokine and Cytolytic Effects. To accurately investigate the impact of the various immune effects on the time course of HBV infection in these chimpanzees, we constructed a mathematical model containing elements of infection and clearance (Materials and Methods). We specifically investigated three scenarios for clearance of the infection: Scenario 1, cell division and death (scaled from observed ALT above the upper limit of normal); Scenario 2, cell division and death plus a cytokine effect blocking formation of pgRNA-containing capsids; and Scenario 3, cell division and death, block of formation of pgRNA containing capsids, plus decay of cccDNA through either an inherently short lifespan or destabilization via cytokines.
We developed the scenario models by first determining best estimates jointly for two of the animals and then tested the results further by applying these estimates to the remaining animal. Therefore, we determined MLE parameter values for each scenario by fitting simulations to all viral data for the non-CD8-depleted Ch1627 and Ch1615 simultaneously. For the additional test for the suitability of these scenarios, we then applied these common MLE parameter values to Ch 1620 and determined MLE values for the remaining animal specific parameters (Table  2) . These model simulations are displayed against the data for Ch1627, Ch1615, and Ch1620 in Figs. 3-5 .
The likelihood ratio test allowed comparison of the scenarios at both the model developmental stage, with respect to data for Ch 1627 and 1615, and at the testing stage, with respect to data for Ch 1620. Scenario 1 (red dash-dot lines) was significantly worse at reproducing data in both stages (P Ͻ 0.001), and Scenario 3 (blue solid lines) was significantly better than each of the other scenarios (P Ͻ 0.001 against each scenario in the development stage, and P Ͻ 0.001 compared to Scenario 1 and P ϭ 0.012 against Scenario 2 in the testing stage).
The differences in quality of fit essentially arise because of two processes evident in the data. In D of each figure, i) indicates where Scenarios 2 and 3 both give consistency with data, but Scenario 1 fails. This section of the data is indicative of loss of HBV DNA in hepatocytes relative to pgRNA, because simulations in C (Figs. 3-5) for Scenario 2 do not exhibit any corresponding decay. The slope of the decline in i) and for the corresponding time of its downstream component of HBV DNA in serum (E), is determined by the export rate of HBV DNA, ␤ ϭ 0.46. This slope predicts an export half-life of 1.5 days (log(2)͞␤). The extent of decline is determined by the effectiveness of cytokines blocking the process of maturation of pgRNA. For both Ch 1627 and the CD4-depleted Ch 1615, there is no delay in this decrease with effectiveness of this block in pgRNA maturation being on average 88% for Scenarios 2 and 3.
The other section of data that distinguishes the accuracy of the scenario simulations occurs in B of each figure and is indicated by ii). It shows a fast first-phase decay in cccDNA followed by slower removal, and this cccDNA decay also induces a similar profile in the downstream component of pgRNA in C. The removal of cccDNA molecules within infected cells causes the fast decline in this viral component that is evident in the data and is reproduced by Scenario 3 but not Scenarios 1 or 2. The slope of this decline is determined by the decay rate of cccDNA ϭ 0.24, in combination with the effectiveness of blocking HBV DNA repopulating cccDNA. This slope predicts a half-life of cccDNA, at least when cytokines are active, of Ϸ3 days. The 95% confidence interval for the half-life of cccDNA during this clearance phase is 0.6-8 days.
Discussion
Quantification of all intracellular components of HBV infection allowed us to accurately determine the dynamics of infection and clearance in acutely infected chimpanzees. To assess the interaction of various hypothesized processes of HBV clearance in this complicated dynamical system, we developed a mathematical model that contained these processes and ran it over three scenarios. The comparison between any two scenarios involved the likelihood ratio test, which compares twice the difference between the maximized log-likelihoods to a 2 distribution with degrees of freedom given by the number of extra parameters of one scenario over the other. Therefore, P values Ͻ0.05 imply that the scenario with more parameters is a better description of the data regardless of the extra parameters. Only Scenario 3, which included a cytokine effect that blocks conversion of pgRNA into DNA-containing capsids and is associated with a fast decay of cccDNA molecules, accurately simulated all components of infection (blue solid lines, Figs. 3-5) , with this scenario significantly better than Scenario 1, which only used cell division and death (P Ͻ 0.001), and also significantly better in comparison to Scenario 2, which did not allow for the loss of cccDNA (P Յ 0.012).
The profile of a fast decline of HBV DNA in hepatocytes after peak infection, Figs. 3-5D, i) , indicates the rate of export of HBV DNA from cells and the effectiveness of the block in pgRNA maturation. Calculations suggest that Ϸ90% of pgRNA is blocked from maturation to HBV DNA in the presence of these cytokines, consistent with the significant change in ratios of intracellular HBV DNA and pgRNA (P Յ 0.03, D͞R%, Fig. 2A ).
Additionally, a specific effect of cccDNA removal within cells was observed through the fast decline of cccDNA (Figs. 3-5B , ii). Calculations from Ch 1627 and 1615 suggest that during the block in replenishment of the intracellular HBV DNA pool and possibly under direct cytokine effects that cccDNA molecules have a half-life of Ϸ3 days, with a 95% confidence interval of between 0.6 and 8 days.
If cell death in conjunction with cell division were the only mechanisms responsible for clearance of HBV infection, these simulations indicate that very large amounts of death and replacement would be required to clear the infection (516%, Ch 1627; 772%, Ch 1615; 1,174%, Ch 1620), assuming that any uninfected cell that serves as a replacement is infected at the same rate as in the initial infection period. On the other hand, scenarios incorporating the cytokine effects described above require significantly less hepatocyte death (199%, Ch 1627; 143%, Ch 1615; 278%, Ch 1620).
HBV pgRNA levels had dropped below detection limits within 20 weeks after inoculation for Ch 1615 and Ch 1627 and 32 weeks for Ch 1620, and the number of HBV DNA molecules per hepatocyte (which includes cccDNA) fell to levels indistinguishable from the cccDNA copy number per hepatocyte. HBV DNA in the serum decreased Ͼ6 orders of magnitude. Yet, cccDNA was still detectable as late as 111 weeks after inoculation (9) . The lack of mRNA and markedly less reinfection due to negligible detectable virus implies that these cccDNA viral templates are not transcriptionally active, in which case their continued presence would indicate that cccDNA molecules are inherently stable and long-lived. Hence, the very short half-life of 3 days calculated for these molecules during active immune clearance and the presence of a strong cytokine effect would imply that it is the direct effects of cytokines that remove cccDNA rather than the block in replenishment of this pool uncovering an underlying fast half-life.
Mathematical modeling inherently simplifies a problem. That is its aim while still retaining sufficient complexity to uncover major forces shaping outcomes. Our model in Eq. 1 has simplified HBV infection to a considerable extent, yet it contains the essential features of the infection. It assumes that cytokines inhibit the conversion of pgRNA into DNA-containing capsids and destabilize cccDNA and that cell death can be scaled directly from observed ALT levels. Based on these assumptions, it has faithfully reproduced the complicated dynamic profiles of five viral components (Figs. 3-5 , blue solid lines) in three genetically unrelated animals of different ages, sizes, and sex. Importantly, scenarios that do not incorporate noncytopathic antiviral effects of these cytokines fail in this regard to a statistically significant level (green dashed and red dash-dot lines). At a more basic level, Scenario 1 (Figs. 3-5 , red dash-dot lines), will also be inconsistent with the observed reduction in ratios of intracellular HBV DNA and pgRNA (P Յ 0.03, D͞R%, Fig. 2A ), because cell death and͞or division should not affect one of these components more than the other. We conclude from our results and mathematical modeling that processes whereby CD8 ϩ T cells not only kill infected cells, but also induce a noncytopathic effect that blocks conversion of pgRNA to DNA-containing capsids and removes cccDNA, can provide a statistically significant description of clearance of acute HBV infection.
